Abstract -This work proposes a hybrid segmentation method based on Morphological Operators and on a Gaussian function constraint to delimitate the search dominium, both used for tumor segmentation purposes The Watershed operator was also used to find tumor contour. The proposed method was firstly evaluated using gear simulated images (eight and sixteen teeth with different width and height), a power speckle noise of 10% and a contrast ratio of 10:53 referred to the background. The hybrid method was also applied to 200 ultrasound (US) breast images. For assessing the segmentation performance, similarity parameters (overlap ratio, RS, normalized residual mean square value, nrv, and mean distance between contours, dmed) based on the predefined shape or on the US tumor contour depicted by an expert as a gold standard. The segmented contour of the gear simulated images obtained with the hybrid method better preserves the original shape. This finding was evident for both gears, which is particularly important since the teeth mimic contour irregularities. For the US breast images, the proposed method keeps the tumor boundaries without aggregating improper structures, resulting in RS > 50% for 91% of the images, nrv < 40% for 70%, and dmed < 5 pixels for 77% of the cases. These findings suggest that the hybrid method represents more realistically tumor contours, which is a vital diagnosis characteristic.
I. INTRODUCTION
Malignant tumors generally infiltrate the surrounding tissue, resulting on an irregular or imprecise contour on the ultrasound image. Thus, the segmentation of such structures should be capable of identifying and preserving the morphological characteristics essential for the analysis.
Several works [1] [2] [3] have used the contour delineated by an experienced radiologist, even when computer-aided methods are proposed. However, operator-dependent procedures are highly susceptible to variations [4] [5] [6] .
Despite the speckled nature of echograms, which makes image segmentation and object delineation a difficult task, various researchers [7] [8] [9] [10] [11] have developed segmentation procedures for supporting radiologists recognize abnormal areas on US breast images as well as for their own computer-aided diagnosis (CAD) systems.
The present work proposes a hybrid segmentation method based on Morphological Operators [11] and on a Gaussian function constraint to delimitate the tumor search dominium [7] , both used for tumor segmentation purposes.
II. MATERIAL AND METHODS

A. Database
In this study, using a 7.5-MHz linear array B-mode 40-mm ultrasound probe (Sonoline -Sienna ®Siemens) with axial and lateral resolutions of 0.45 mm and 0.49 mm, respectively, 200 breast tumor US images were acquired at the Cancer National Institute (Brazil -Rio de Janeiro). For each image, a rectangular ROI including the tumor and the area around it were determined by an experienced radiologist. Besides, the radiologist depicted all tumor contours and classified them as irregular (74) or regular (126).
B. Existing segmentation Techniques
The technique proposed by [7] , denoted here Hh, applies a 10 x 10 median filter to reduce speckle. The resulting image I med is inverted and multiplied by a Gaussian constraint function placed at the manually defined tumor center. The variances in the lateral and height directions are estimated applying the Sobel edge detection filter to I med . Different potential tumor margins are defined using a graylevel threshold procedure. The potential margin that maximizes the Average Radial Derivative (ARD) utility function is chosen as the tumor contour [7] :
where I is the processed image and r is the vector in the radial direction from the geometric center. The value k, where the maximum of ARD occurs, is the chosen graylevel to segment the tumor. The Hh segmentation tends to _______________________________________________________________ IFMBE Proceedings Vol. 20 _________________________________________________________________ yield ''lesion-like'' margins, outlining its general shape however it may miss details such as spiculation or high irregularity. The technique described by [11] , denoted here Aa, applies Morphologic Operators to the image and its histogram to reduce the gray-levels and to find the best threshold value to segment the tumor. Initially, the Opening by Reconstruction operator (with a square Structuring Element (SE) of 3 x 3 pixels) is applied to reduce speckle and increase contrast among distinct regions. Next the morphological Open operator (3-pixel line SE) is applied to the histogram of the reconstructed image to remove irrelevant peaks and the Watershed operator is then employed to determine histogram modal regions. The resulting detected regions are numerically labeled and sorted in ascending order to construct an image with a smaller number of graylevels. Then, the Minima Imposition operator is used to enhance the tumor from the image background. The resulting image tends to present well-defined regions, and hence, well-defined histogram peaks, the first ones characterizing the tumor region. Then the gray-level corresponding to the maximum gradient of the histogram cumulative-area curve was used as a threshold value to obtain a binary image S Aa .
The application of MO tends to preserve tumor contour details, which is a main feature to identify malignancy [1] . However, the inclusion of nearby areas having gray-levels similar to the tumor region is a drawback of this technique.
C. Hybrid segmentation method
The proposed segmentation method uses MO to process the image and the segmentation obtained with Aa [11] and Hh [7] as markers to the Watershed operator. These markers help determine regions where the flooding can occur. The external Watershed marker is obtained by applying a morphological Dilatation to the segmentation provided by Hh and an internal Watershed marker is defined as the intersection between Aa and Hh segmentation results.
Before the Watershed operation, the original image is homogenized to avoid over-segmentation. With this aim, the image was filtered with an Opening by Reconstruction followed by a Closing by Reconstruction, and to enhance the tumor boundary, a morphological gradient was applied to the filtered image (Fig. 1) . Then the Watershed operator is applied to the resulting image, using the predefined internal and external markers, to obtain the final tumor contour.
D. Simulated images
The hybrid method and the techniques proposed by [11] and [7] were first applied to simulated images for assessing their performances. Gear images (150 x 150 pixels) were simulated with eight (G8) and sixteen (G16) teeth (35-pixel radius), gray-level of 10 and 10% of multiplicative speckle noise. The image background has a gray-level of 53 with 40% of multiplicative speckle noise. The contrast between the gear and the background is obtained by the difference between their respective gray-levels as follows 10:53. The gray-level and speckle noise values were defined empirically.
The gears teeth have different height (4 to 7 pixels) and width (5 to 11 pixels) designed to assess the ability of the segmentation techniques in detecting contour irregularities.
E. Segmentation procedures evaluation
The performance of the three methods (Hybrid, Hh, Aa) was assessed by calculating three parameters: overlap ratio (RS) [7] , normalized residual mean square value (nrv) [11] , and average distance between contours (dmed) [12] . These parameters were determined between the segmented image by one of the methods (S i ) and the simulated image, or the segmentation depicted by the radiologist (S o ). Hence, the overlap ratio can be defined as [7] :
where the symbols ∩ and ∪ mean the intersection and union areas, respectively. So when the areas have the same shape and size and are in the same position, RS is equal to unity. The parameter nrv is defined as [11] :
where ⊕ represents an "exclusive-or" operation. Hence, if S i and S o are congruent, nrv = 0. The third parameter is the average distance between contours (dmed) S i and S o , which is based on [12] : ( , ) min , 
,M).
The parameters RS, nrv and dmed were calculated as the average of 10 simulated images generated by varying one of the simulation variables, and keeping all the others fixed.
III. RESULTS
A. Simulated images
The segmentation technique results for the G8 gear are in Fig. 2 . The Aa technique is able to depict the eight teeth with different heights and widths. However, the contour adds small structures outside of the original contour (Fig. 2b) . On the other hand, the Hh technique tends to smooth the teeth, while restricting the contour to the object boundary (Fig. 2c) . The hybrid method preserves contour details, rejecting similar structures beyond the gear, and distinguishing the teeth in height and width (Fig. 2d) .
Similar behavior is observed in the results for the G16 (Fig. 3) . The hybrid method (Fig. 3d ) and the technique Aa (Fig. 3b) are capable of identifying all sixteen teeth on the contour and teeth height and width variations as well. On the other hand, the technique Hh (Fig 3c) fails to depict the irregularities represented by the smaller teeth. However, Hh and hybrid methods restrict the segmentation to the object region, while Aa tends to add regions next to the object.
The average values of RS (Table 1) indicate that the best performance is achieved by the hybrid method (96%), while Hh (90%) is the worst. Similarly, the average values of nrv (Table 2) suggests the hybrid method as the best (4.1%). Besides, Hh presents the worst performance (10.8%). Finally, the average values of dmed (Table 3) show clearly the hybrid method with the highest performance (0.6), while the worst was brought by Aa (1.9).
B. Breast US images
The three methods (hybrid, Aa and Hh) were applied to 200 breast US images and results assessed against a radiologist-defined contour. An example of the results for an irregular tumor is in Fig. 4 . The technique Hh tends to smooth contour details (Fig. 4a) , while Aa (Fig. 4b ) and the hybrid (Fig. 4c ) methods preserve irregularities. However, Aa (Fig. 4b) adds unwanted regions to the contour.
The hybrid method segmented 77% of the tumors with dmed < 5 pixels, against 56% of Aa and 66% of Hh. Besides, 70% of tumors segmented using the proposed method resulted in a lower nrv (< 40%) compared to that of Aa Considering RS > 50%, the hybrid method also achieved a better performance (91%) than Aa (83%) and Hh (77%). The best performance of the hybrid method was statistically evaluated by a paired t-test (α = 0.05), considering as alternative hypothesis (H1) that the average values m1 and m2 are not equal (for each parameter), as indicated in Table 4. The null hypothesis (H0) that the average values m1 and m2 are equal was rejected for all parameters.
IV. DISCUSSION AND CONCLUSION
The Aa technique was capable of segmenting tumors preserving details, which are essential for morphological analysis. This result suggests that MO´s can adequately segment tumor irregularities. However, Aa technique can aggregate adjacent areas with gray-levels similar to the tumor region. The Gaussian constraint function in the Hh technique reduces the chance of merging those spurious structures; however, the median filter used in this technique smoothes the contour irregularities. The proposed hybrid method, on the other hand, was capable to preserve the boundaries without including alien structures. The performance of this method was superior to Aa and Hh techniques for all studied parameters. Besides, the paired t-test indicated a significant difference among the segmentation techniques. These findings suggest that the hybrid method follows more realistically the tumor contour, which is a prime diagnosis feature.
